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NON-EPITHELIAL Pi TRANSPORTERS
Structural and functional aspects of the phosphate carrier
from mitochondria
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Structural and functional aspects of the phosphate carrier from
mitochondria. The paper reviews the major structural and functional
aspects of the phosphate carrier from the inner mitochondrial membrane
in comparison to other mitochondrial carrier proteins. The mitochondrial
phosphate carrier catalyzes the transport of inorganic phosphate from the
cytosol into the mitochondrial matrix and is thus essential for the energy
metabolism of the cell. The phosphate carrier from beef and pig heart,
from rat liver and from yeast mitochondria has been purified by chro-
matographic methods and functionally reconstituted in proteoliposomes.
The primary sequence of the phosphate carrier from several different
species has been determined. The carrier protein of Mr 33 to 34 kDa most
likely acts as a dimer in the membrane. The phosphate carrier has been
characterized with respect to transport kinetics, energy dependence and
carrier mechanism mainly after functional reconstitution into artificial
bilayers (liposomes). Three different modes of action were elucidated,
namely homologous phosphate/phosphate antiport, heterologous phos-
phate/proton symport or phosphate/hydroxyl antiport, respectively, as well
as unphysiological uniport (efflux) after modification of essential SH-
groups. Both with respect to its primary structure and its functional
(kinetic) properties, the phosphate carrier is a member of the well-defined
mitochondrial carrier protein family.
Carrier proteins of the inner mitochondrial membrane
The list of "major" mitochondrial carrier proteins, that is, those
which are most significant with respect to their role in cellular
metabolism as well as to the amount of data available on their
structure and function, includes about 11 members (Table 1)
[1—4]. Some of these carriers are present in more or less all tissues
[such as adenine nucleotide (AAC), phosphate (PlC), carnitine
(CAC), aspartate/glutamate (AGC), pyruvate (PYC) and oxoglu-
tarate (OGC) carrierl, some are confined to particular tissues
[such as citrate (dc), dicarboxylate (DIC), ornithine (ORC) and
glutamate (GLC) carrier], and some are present only in special-
ized tissues [such as uncoupling protein (UNC)]. Interestingly,
tissue-specific isoforms of the adenine nucleotide carrier have
been identified, the functional significance of which, however,
remains a mystery [4]. They are responsible for a variety of
functions including energy metabolism (AAC, PlC), transfer of
redox equivalents (AGC, OGC), uptake and efflux of substrates
(CAC, DIC, PYC, CIC, GLC), urea cycle (ORC), or heat
generation (UNC). It should be noted that, based on coserved
sequence motifs, new members of the mitochondrial carrier
protein family of unknown function have been identified in
various species and tissues [4]. Mitochondrial carrier proteins are
important control points in the metabolic network, as demon-
strated by the application of metabolic control analysis [5, 6].
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Many mitochondrial carrier proteins have been solubilized by
detergents and purified to homogeneity by using chromatographic
methods which in general imply at least one hydroxyapatite
column. The primary structure of several of them from many
different species and tissues has been analyzed both on the protein
level (AAC, UNC) as well as on the DNA level (AAC, UNC, PlC,
OGC, dC). They all consist of proteins with a molecular mass of
30 to 34 kDa, that is, about 300 amino acids, and are characterized
by the presence of a threefold sequence repeat of about 100
amino acids [71. According to the sequence data, they have been
summarized into a particular family of carrier proteins, unrelated
to other transporters [8]. Structure predictions and topology
studies indicate that these proteins contain six membrane-span-
ning domains. Since they most likely function as dimers, the
structure of the active carriers thus adds up to the common
12-transmembrane helix motif found for the majority of carrier
proteins [9, 10]. As for carrier proteins in general, no three-
dimensional structures are available. The kinetic properties of
several mitochondrial carriers and the modulation of their activity
by energetic parameters have been elucidated in detail, both in
intact mitochondria and in particular after functional reconstitu-
tion in proteoliposomes. With the exception of the carnitine
carrier (CAC), which is characterized by a ping-pong type of
kinetic mechanism [11], all mitochondrial carriers studied so far
function according to a simultaneous mechanism, that is, their
catalytic action involves the simultaneous binding to two substrate
ligands at binding sites on opposite sides of the membrane [3, 12].
All mitochondrial carrier proteins are encoded by nuclear genes.
Consequently the proteins have to be directed to mitochondria
and have to cross the outer membrane in order to be inserted into
the inner membrane in an energy-dependent process [13, 14].
Interestingly, most mitochondrial carrier proteins do not contain
a cleavable target sequence for this process. A crucial step for the
further elucidation on the molecular basis was the heterologous
expression, most importantly in E. coli, but also in yeast and in
frog oocytes, of a number of mitochondrial carrier proteins
[15—19].
The mitochondrial phosphate carrier
isolation and reconstitution
The mitochondrial phosphate carrier has first been functionally
identified on the basis of its high senstitivity towards SH-reagents
[20]. The carrier protein has been purified to homogeneity from
heart [21—23], from liver [24], and yeast mitochondria [25]. As in
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the case of other mitochondrial carriers, its isolation and purifi-
cation are mainly based on the use of hydroxyapatite; however,
procedures using organomercurial columns have also been re-
ported [22, 261. Besides using labeling by N-ethylmaleimide, the
identification of the carrier during isolation in general required
functional reconstitution in proteoliposomes, for which a number
of different procedures have been described in the case of the
phosphate carrier [2, 27, 28]. It was found that the extraction yield
and/or stability during purification and reconstitution was signif-
icantly improved by the presence of eardiolipin [29—31], a phos-
pholipid species of the inner mitochondrial membrane, which,
however, obviously depends to a large extent on the type of
reconstitution procedure [28]. Furthermore, calcium-phosphati-
date significantly enhanced the activity of the reconstituted pro-
tein [32]. When testing the phosphate carrier in a reconstituted
system, a particular problem arises. Due to its activity in H/
0H-eoupled phosphate net flux (Fig. 2), it is difficult to establish
different concentrations of the transport substrate at the two sides
of the membrane for the time range essential for kinetic experi-
ments. This was overcome by a method of reversible inhibition of
the phosphate carrier by SH-group reagents prior to kinetic
measurements in the reconstituted system [28]. Another basic
problem of all reconstituted systems, that of defining the orienta-
tion of the membrane-inserted protein, was solved by detailed
kinetic measurements of the transport properties of the reconsti-
tuted carrier from the inside and the outside, respectively, of the
proteoliposomes.
Functional properties
Together with the dicarhoxylate carrier, the phosphate carrier
represents the only pathway of inorganic phosphate across the
inner mitoehondrial membrane (Fig. 1) [27, 33—35]. The net efflux
of phosphate, however, occurs as y-phosphate of ATP via the
adenine nueleotide carrier (efflux of ATP vs. uptake of ADP). The
ensemble of the adenine nueleotide and the phosphate carrier
together with the FSF(ATPase is the core of the mitochondrial
ATP-synthesizing machinery. The kinetic characterization of
these carriers, including the phosphate carrier, is difficult to
perform in intact mitoehondria in view of the complexity of
different fluxes, mechanisms and metabolic reactions (Fig. 1 and
Table 1). Consequently, many of these carriers have been inves-
tigated in detail after reconstitution into liposomes [2, 3].
By using this experimental approach, the two well-known basic
functions of the mitoehondrial phosphate carrier have been
characterized (Fig. 2 upper panel): the homologous phosphate/
phosphate exchange and the proton-compensated phosphate
(net) influx, driven by the p11-gradient across the mitochondrial
membrane (acid outside). The homologous exchange mode is an
unproductive mode of the carrier system, which, however, cannot
be avoided similar to the situation in many other secondary
transport systems [36]. In fact, similar to the phosphate carrier,
this type of function is frequently the activity with the highest
maxiumum rate. The basic kinetic constants of the mitoehondrial
phosphate carrier have been determined for these two transport
modes (Table 2), which interestingly led to significantly asymmet-
ric KM values for phosphate at the two different sides of the
membrane. Furthermore, by comparing these values with those
observed in intact mitochondria, the problem of the orientation of
the phosphate carrier protein inserted into the liposomal mem-
brane could be solved, indicating a right-side out (physiological)
Fig. 1. Schematic drawing of phosphate transfer reactions across the inner
mitochondrial membrane. Phosphate uptake is be catalyzed by the phos-
phate carrier (PtC), whereas the diearboxylate carrier (DIC) uses phos-
phate as an antiport substrate for the efflux of malate. The phosphate
carrier and the adenine nueleotide carrier (AAC) provide the substrates
for the F1FeATPase (ATP-Syn.) and thus for protonmotive force driven
ATP synthesis.
orientation (Table 2). The actual values of the observed apparent
transport affinities obviously favor uptake of phosphate into the
mitoehondrial matrix over efflux to the cytosol.
The kinetic mechanism of the phosphate carrier was studied
both in the phosphate exchange mode and under conditions of
proton-compensated net flux [28, 37]. It turned out to be a
simultaneous mode of action, which means that the functionally
active catalytic complex is a ternary complex of carrier protein and
two bound substrate molecules. The energy dependence of the
productive mode, that is, net phosphate uptake, was also studied
in the reconstituted system in detail [28, 37, 38]. The lack of any
dependence on the electrical potential confirmed the eleetroneu-
trality of the transport reaction (Table 3), as also observed in the
majority of studies on phosphate transport in intact mitochondria
[27]. The strong influence of a moderate pH-gradient on the
transport activity indicates the sole influence of this parameter as
driving force of the mitochondrial phosphate carrier. A further
interesting aspect became obvious in these experiments. Interest-
ingly, the net transport mode could be inhibited by the presence of
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Table 1. Overview of some functional and structural data of the major mitochondrial carrier proteins
Carrier
system Cytosol Matrix
Purifi-
ficat.
Primary
struct.
Kinetic
mech.
Adenine
nucleotide
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H+glut.2
—
—
—
—
ATP
asp.2
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genie
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genie
+
+
+ +\
+
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protein
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+ + +
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H
—
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Pyruvate
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—
—
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+
+
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+
Ornithine
Carnitine
ornithine
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carnitine
—
—
—
—
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+ H
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+
+
+
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Some basic data for the 11 major mitochondrial carrier systems are summarized with respect to transport substrates and mechanism, as well as state
of characterization, namely purification, primary structure and elucidation of kinetic mechanism.
competing anions, such as halogenides, on the trans side—that is,
on the side where the phosphate concentration is very low—
opposite of the site of phosphate addition [37]. No inhibition was
observed on the cis side, nor in the case of phosphate/phosphate
exchange. These data can be summarized as an idication in favor
of an phosphate/0H antiport mechanism to be responsible for
net transport of phosphate in contrast to the proton cotransport
mechanism, as generally assumed (Fig. 2, lower panel). (i) The
kinetic mechanism argues for two binding sites on the opposite
sites of the membrane to be involved in the translocation step in
any of the two transport modes. (ii) In the net transport mode, a
competing effect of anions is observed at the site of the carrier
protein, opposite to the site where phosphate binds. (iii) Kinetic
modeling of the pH dependence of the net transport reaction
favors the involvement of OH over H ions [37]. It is clear that
this distinction is senseless in energetic terms, however, with
respect to the structural point of view, that is, to the question
where and which binding sites are involved, the question is
certainly interesting.
In the course of these studies, we further observed a third
function of the reconstituted phosphate carrier after covalent
modification of cysteine residues. As had been elucidated in detail
in the case of the mitochondrial aspartate/glutamate carrier [39],
the reversible modification of two cysteine residues changes the
function of several mitochondrial carrier proteins from a sub-
strate-specific antiport reaction to an uncoupled and unspecific
uniport function [3] that is measured as solute efflux. The
retention of the basic functional properties of a carrier was
demonstrated by the fact that the activation energy of solute
transfer remained unchanged and kinetic trans-effects were still
observed. This interesting phenomenon, the potential physiolog-
ical significance of which is not yet clear, has been interpreted to
indicate the presence of channel elements within a functional
carrier protein, which become evident after the chemical modifi-
cation. This finding further emphasizes the particular role of
cysteine residues in the conformational events related to the
transport step of the phosphate carrier.
Stnwtural properties
The amino acid sequence of the phosphate carrier from several
species including bovine heart [40], rat liver [41], human heart [42]
and yeast [43] has been determined. It closely resembles the
typical structure of members of the mitochondrial carrier protein
family [4, 7, 8], that is, a sum of six putative membrane-spanning
domains, a tripartite structure with three repeated possibly pri-
mordial units of about 100 amino acids with two membrane
domains, and the presence of some highly conserved residues. A
comparison to other mitochondrial carrier proteins [4, 44] as well
as topological studies of the phosphate carrier [35, 45—47] makes
a model plausible (Fig. 3). In this figure, some interesting amino
acid residues of both the carrier protein from beef heart and from
yeast are indicated. This refers to cysteine residues, the impor-
tance of which has been discussed above in connection with the
functional shift from antiport to uniport. Furthermore, the obvi-
ously important position is the first internal ioop, which is
cysteine-42 in the beef heart protein and threonine-43 in the case
of yeast. This cysteine is responsible for complete inactivation
after alkylation with N-ethylmaleimide. Consequently, the yeast
protein that lacks this cysteine is not inhibited by this reagent;
however, interestingly, an engineered amino acid exchange at this
position has an equally drastic effect [19, 25, 48]. This motif has
even be extended to isoleucine-141, a similar residue in the second
tandem repeat of the phosphate carrier from yeast mitochondria
[19], thus indicating a region at the matrix side of the protein of
high functional significance. Recently, the significance of addi-
tional residues (glutamate-126, glutamate-137 and histidine-32) of
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Fig. 2. Different functions of the mitochondrial phosphate carrier. The
upper panel shows the schematic drawing of the phosphate antiport mode
and the proton-compensated transport reaction, whereas in the lower
panel the two physiological modes, as catalyzed by the dimeric carrier
protein, are exemplified. In addition, the mercurial induced uniport
(efflux) mode is shown.
Table 2. Basic kinetic constants of the native and the reconstituted
phosphate carrier from beef heart mitochondria
Transport
mode
Apparent Km
value (mM) measured in
Membrane intact
side mitochondria proteoliposomes
Pi/Pi antiport
Pi/0H antiport
Piuniport
external (cytosol) 1.6—1.85 1.8 0.1
internal (matrix) n.d. 9.4 0.5
internal (matrix) n.d. 11.2 0.9
internal (matrix) n.m. > 200
Transport
mode
Transport rate at 22°C
[ILmol mm . (mg protein) '] measured in
intact mitochondria proteoliposomes
Pi/Pi antiport
Pi/0H antiport
3.0 70—90
10—30
The data for intact rat liver mitochondria were taken from [53, 54],
those for the reconstituted system using isolated protein from beef heart
from [28] (Km) and [38, 55, 28] (rate). The external membrane side of the
liposomal system was identified to represent the cytosolic side in intact
mitochondria and vice versa. n.d., not determined; n.m., not measurable.
The specific transport rates are based on total mitochondrial protein
(intact mitochondria) and purified protein applied in the reconstitution
assay (proteoliposomes).
Table 3. Activity of the the reconstituted phosphate carrier in the
homologous (P1/P1) and the heterologous (P1/0H) antiport mode at
different membrane potentials and pH gradients
Applied gradient Estimated
driving force
Relation (%) of
(P110H antiport)!
(P/P antiport)external internal
100 mM K 100 mM K 0 39
100 mM K 1mMK —l2Omv 30
1 mM K 100 mai K 120 mV 31
pH 6.6 pH 6.6 0 37
pH 6.6 pH 5.85 —38 mV 133
pH 5.85 pH 6.6 38 mV 3
The influence of a diffusion potential induced by K-gradients in the
presence of 10 IIM valinomycin as well as that of pH gradients on P/OH
antiport and PjP antiport was measured. The driving forces were
estimated according to the Nernst equation (positive and acid outside =
positive sign). In order to discriminate direct protein effects, mainly of pH,
the rates of P,/0H antiport were normalized to the rats of P1/P antiport.
The latter did not change at all by the application of diffusion potentials.
The rates of P1/0H antiport were corrected for the availability of H or
OH— ions, respectively. Data were taken from [37].
the yeast carrier were briefly reported and were suggested to
facilitate proton transport [19, 49]. An important stimulus for
these types of studies is the fact that mitochondrial carrier
proteins have recently been successfully expressed heterologously
in E. coli cells (see above), including the phosphate carrier [19].
Conclusions and perspectives
So far, the major functional properties as well as the basic
structural data of the mitochondrial phosphate carrier have been
elucidated. Besides the line of experimental approach that is
currently favored in the field of transport proteins in general [50]
and mitochondrial carriers in particular [51], that is, the idea to
correlate particular structural motifs with particular functional
Trans-
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Fig. 3. Hypothetical scheme of the topological arrangement of the phosphate carrier in the mitochondrial membrane based on the general model for
mitochondrial carrier proteins, as well as on particular topological studies. Some interesting residues, as discussed in the text, are emphasized for the
phosphate carrier from beef heart (unboxed amino acid numbers), and from S. cerevisiae (amino acids in boxes).
properties, has only just started in the case of the phosphate
carrier. This transport protein, however, poses a number of highly
interesting questions in this respect. Based on the expression of
the yeast mitochondrial phosphate carrier in E. co/i [19], struc-
ture-function correlations should help to investigate interesting
questions concerning (i) the site of the H/0H binding during
the transport function, concerning the essential function of two
substrate binding sites irrespectively of the presence of phosphate
as substrate on the two sides, (ii) the ability of the carrier protein
to catalyze both phosphate/phosphate antiport and phosphate net
transport or whether one of these modes may be favored after
particular structural rearrangements, and (iii) the structural cor-
relation to the functional shift from a coupled antiport reaction to
an cifiux type of transport with neglibily low substrate specificity.
A further interesting subject not discussed thus far is the fact that
the phosphate carrier from higher eukaryotes does—in contrast to
the adenine nucleotide carrier and the uncoupling protein—
contain a mitochondrial target sequence which is obviously not
needed [521, and which is absent in the phosphate carrier from
yeast mitochondria [43].
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